Wastewater disposal in the central U.S. is likely responsible for an unprecedented surge in earthquake activity. Much of this activity is thought to be driven by induced pore pressure changes and slip on prestressed faults, which requires a hydraulic connection between faults and injection wells. However, direct pressure effects and hydraulic connectivity are questionable for earthquakes located at large distances and depths from the injectors. Here, we examine triggering mechanisms of induced earthquakes, which occurred at more than 40 km from wastewater disposal wells in the greater Fairview region, northwest Oklahoma, employing numerical and semi-analytical poroelastic models. The region exhibited few earthquakes before 2013, when background seismicity started to accelerate rapidly, culminating in the Mw5.1 Fairview earthquake in February 2016. Injection rates in the ∼2-2.5 km deep Arbuckle formation started to increase rapidly in 2012, about two years before the start of seismicity-increase. Most of the injection activity was concentrated toward the northeast of the study region, generating a relatively cohesive zone of pressure perturbations between 0.1 and 1 MPa. Much of the near-injection seismicity was likely triggered by pressure effects and fault-assisted pressure diffusion to seismogenic depth. Outside of the high-pressure zone, we observed two remarkably detached, linear seismicity clusters, which occurred at 20 to 50 km distance from the initial seismicity and 10 to 40 km from the nearest, high-rate injector. Semi-analytical models reveal that poroelastically-induced Coulomb-stresschanges surpass pore pressure changes at these distances, providing a plausible triggering mechanism in the far-field of injection wells. These results indicate that both pore-pressures and poroelastic stresses can play a significant role in triggering deep and distant earthquakes by fluid injection and should be considered for seismic hazard assessment beyond the targeted reservoir.
Introduction
Starting in ∼2001, the United States has experienced an unprecedented acceleration in seismicity close to hydrocarbon reservoirs (e.g. Ellsworth, 2013; Keranen et al., 2014) . This emergent seismic activity is at times connected to hydraulic fracturing but more commonly with wastewater injection (e.g. Horton, 2012; Holland, 2013; Skoumal et al., 2015; Weingarten et al., 2015) . In contrast to short-term hydraulic fracturing, many of the disposal wells associated with seismic activity are continuously operating at rates of up to 10,000 to 100,000 m 3 /mo over months to years (Horton, 2012; Keranen et al., 2014; Weingarten et al., 2015; Goebel et al., 2015) .
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The resulting earthquakes are commonly attributed to induced pressure increase and effective stress reduction on pre-stressed faults and fractures; a mechanism already introduced in the 1960s (Healy et al., 1968) . Much of the early work on injection-induced seismicity focused on near-well regions as prime areas of concern due to the relatively larger pressure perturbations (Healy et al., 1968; Raleigh et al., 1976) . This view could be considered the "classic view", i.e. induced seismicity occurs within a compact region centered at the wellbore where pressures exceed a critical value (Raleigh et al., 1976) . (Note that in this study, we use the term induced seismicity simply to convey a human contribution to the earthquake process without attempting to separate triggered from induced earthquakes.)
The classic view can at times explain the onset of induced seismicity and its correlation with injection rates, for example, during high-pressure reservoir stimulations (e.g. Raleigh et al., 1976; Zoback and Harjes, 1997) . However, for industrial scale wastewater disposal operations, the onset and spatial extent (as well as magnitude) of induced sequences remain difficult to anticipate. Moreover, the classic view has been challenged by several observation: First, most felt, induced earthquakes do not occur in the shallow sedimentary layers that are targeted during injection, but rather on faults in the underlying crystalline basement. For example in Arkansas, Ohio, Oklahoma and California much of the documented induced seismicity cases occurred below the injection zones at depth of up to 10 km (e.g. Horton, 2012; Keranen et al., 2013; Goebel et al., 2016) . Second, injection-induced seismicity often occurs in areas disconnected from the injection well and over an extensive region (Hsieh and Bredehoeft, 1981; Keranen et al., 2014; Goebel et al., 2015) . Third, induced sequences are erratic and may occur at times and distances that are unexpected for a purely diffusively driven process. In other words, seismicity can jump ahead of theoretically predicted pressure fronts, generating disjoint event clusters, so that a systematically migrating seismicity front as observed in many pressure-controlled injection operations (e.g. Shapiro et al., 1997) rarely occurs. These observations may point toward additional processes that are active during induced seismicity sequences, for example inter-earthquake triggering and poroelastic stress transfer (Segall et al., 1994; Guglielmi et al., 2015) . A previous study showed that the complex coupling between fluid pressure and solid elastic stress may lead to an increase in seismicity rates in the near-field if injection pressures drop suddenly (Segall and Lu, 2015) .
We expect solid elastic stresses due to pressure-stress coupling also to extend to larger distances than pore pressures because these stresses are more readily transmitted through the rock matrix. In the following, this expectation is tested for a wide range of hydrogeological parameters. We start by determining a plausible range of hydraulic diffusivity values and compute expected pore pressure variations due to injection activity as a function of time and distance from injection. Our strategy in computing pressure changes is to resolve the hydrological parameters and reservoir geometries (including high permeability pressure channels) that maximize pressure perturbations at large distances. These pressure changes are then compared to expected poroelastic stresses to determine the most plausible triggering mechanism for distant earthquakes. This comparison of the most favorable pressure diffusion scenario with a general poroelastic solution allows a conservative estimate of the importance of solid elastic stresses. If solid elastic stresses are dominant in this situation, they are expected to be of general importance for inducing earthquakes at large distances from injectors.
Data and study region
Seismicity catalogs and injection data
The following analysis is based on public wastewater disposal data archived by the Oklahoma Cooperation Commission between ∼1995 and 2016. Seismicity catalogs are available from the Oklahoma Geological Survey (OGS) for this period. Based on the OGS seismic record, we create relocated earthquake catalogs using relative travel time differences and a 3D velocity model (see Section S1).
Study region
We examine earthquake activity in a previously seismically quiet area, located in northwestern Oklahoma close to regions with much previous injection-induced seismicity (Fig. 1A, inset) . While only 1 earthquake above M L 2.5 was recorded between 1990 and 2013, more than 800 earthquakes occurred between 2013 and 2016. One of these events is the M w 5.1 Fairview earthquake from Locations of waste water disposal wells colored according to average disposal rate (blue triangles, see upper-right color-bar), fault traces from the Oklahoma Geological Survey (black lines) and earthquake hypo-centers (colored circles and white star, see legend), which are spatially correlated toward the northeast of the study area. Seismic stations are shown by gray triangles and focal mechanisms of major earthquakes are highlighted by beachballs. The initiation point of seismicity is highlighted by the white letter S. The orientation of maximum horizontal stress direction, S Hmax , is indicated by black arrows. The inset shows the state of Oklahoma and study area in red. The depth cross-sections in B) and C) correspond to seismicity within the black rectangles in A). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) February 2016, the third or fourth largest induced earthquake in Oklahoma (as of September 2016), which occurred at ∼7 to 9 km depth. Toward the northeast corner of the study area, seismicity is comprised of many, smaller disbursed clusters with only one event above M4. To the northwest and southeast little to no seismicity was recorded in the absence of major Arbuckle disposal wells. The central and western part of the study area host two productive, elongated seismicity clusters, which occurred close to −99.0 • W/36.5 • N and −98.7 • W/36.5 • N (see boxes B and C in Fig. 1 ). These clusters are referred to as Woodward and Fairview clusters in the following and the corresponding previously unmapped faults as the Woodward and Fairview faults. The latter hosted the vast majority of M > 4 events while the earthquakes along the Woodward fault did not exceed magnitude 3.9. The Woodward sequence started with relatively shallow earthquakes, which advanced to depths of up to ∼14 km (see animation in suppl. material). Similarly, the Fairview earthquakes started shallow and penetrated to larger depth reaching maximum values of ∼10 km (Fig. 1 B & C) . We expect the uncertainty in absolute depths to be 1-5 km with higher uncertainty for Woodward than for Fairview because of the seismic network geometry (Fig. 1A) . The distance between the center of the two clusters and the closest high-rate injector (i.e. injection rate >10 5 m 3 /mo) is ∼20 for Fairview and ∼40 km for Woodward.
Of the ∼90 wastewater disposal wells in the study region, 37
are injecting into the Arbuckle formation at depth between 2 to 3 km. The starting point of seismicity at −98. The strong spatial and temporal correlation between injection and seismic activity strongly suggests an induced origin of the earthquakes. A pronounced increase in injection rates after 2012, was followed by significant increase in background seismicity rates within ∼2 yrs (Fig. 2 ). Background seismicity rates were computed in moving time windows using a constant sample size of 50 to 300 events and by fitting a gamma-distribution to the observed inter-event times (see Section S1). This method was previously applied to examine induced seismicity potential in Oklahoma and California (Goebel, 2015) . The temporal changes in background rates clearly highlight a non-stationary process and likely induced origin of the earthquakes. Production activity occurred dispersed throughout the region and the analysis of preliminary production data within the study area revealed no obvious temporal or spatial correlations (see Section S1).
Method
The evidence for induced earthquakes at great distances from the causative injection wells poses two problems. Both the distance to the induced events and the lack of seismicity in the intervening region are perplexing. The latter may be explained by a heterogeneous distribution of near-failure faults, earthquake detection threshold and aseismic processes (e.g. Guglielmi et al., 2015; Yeck et al., 2016) . However the first issue still remains. In particular, we investigate the role of pore pressure and solid elastic stresses at the relevant distances using semi-analytical poroelastic models (in the following, pressure refers to pore fluid pressure and poroelastic stresses to stresses in the solid).
Pressure diffusion models
We assess induced pressure and stress changes as a function of space, time and injection history. We consider solutions to the diffusion equation which includes an inhomogeneous term resulting from time-varying injection activity:
where T x , T y , T z are the diagonal elements of the transmissivity tensor, S is the formation storativity (transmissivity is connected to diffusivity via: T = D · S (e.g. Detournay and Cheng, 1993) ), P is fluid pressure, ρ fl is fluid density, g is acceleration due to gravity and Q (t) is fluid injection rate. (A list of hydrological parameters can be found in Table S1 , Section S3.) Solutions for the pressure response to a step increase in injection rates at time t i ( Q (t i > t) = const.) in an isotropic or anisotropic reservoir can be obtained by using the Fourier transform and separation of variables (e.g. Papadopulos, 1965) . Since, the full transmissivity tensor is generally difficult to measure over large areas and depth, we use solutions for the isotropic case. We compute the pressure response to injection for three end-member cases of reservoir geometry: i.e. 3D isotropic, 2D axisymmetric and 2D infinite strip reservoir. The pressure solution in response to injection at a point source in an isotropic, 3D reservoir has the following form (Rice and Cleary, 1976; Rudnicki, 1986) :
where η is fluid viscosity, k is permeability and ξ is the similarity variable for the diffusive process, i.e. ξ = r/ √ Dt, where D is hydraulic diffusivity.
The pressure response to a line source in a 2D, homogeneous, axisymmetric case can be written as (Rudnicki, 1986; Wang, 2000) :
where W denotes the well function or exponential integral:
The well function argument, u, is connected to the similarity vari-
Lastly, the solution for pressure changes due to injection in a line source in an infinite-strip across the reservoir thickness can be written as (Hsieh and Bredehoeft, 1981) :
To allow for a simpler comparison between all solutions, we evaluate the strip model along the central axis at y = 0.
While these simplified geometries cannot capture the complexity and heterogeneity of natural reservoirs, they provide useful constraints on expected pressure amplitudes and pressure decay as a function of distance and time from injection. The expected pressure response to fluid injection is controlled by injection history, diffusivity (transmissivity) and storativity but also by reservoir geometry. For example, injection into a strip reservoir results in substantially higher pressures than injection into a 3D isotropic reservoir in which pressures can diffuse throughout the entire volume. The latter may be appropriate to model near injection pressure changes at relatively short time scales. In many cases, long-term wastewater disposal may be most appropriately described by a 2D axisymmetric solution, which approximates lateral diffusion in a vertically confined injection layer. However, also the strip geometry is important when examining the role of high-permeability fracture or fault zones (e.g. Hsieh and Bredehoeft, 1981) . A more detailed assessment of expected pressure response to different injection scenarios is provided in Section S2.
The pressure perturbation to an arbitrary injection function can be calculated using the convolution theorem (e.g. Detournay and Cheng, 1993) :
where F * is the pressure response to a step increase in injection rate and F is the pressure response to an arbitrary injection function Q (t). (Alternatively, a similar expression of the convolution theorem can also be applied to solutions for the impulse response; e.g. Rudnicki, 1986.) In the following, the introduced equations are employed to determine expected pressure changes as a result of single and multiwell injection. For this purpose, hydrological parameters have to be determined as well, which is inherently difficult at large scales. Thus, we follow the strategy of building our models from measured parameters with low uncertainty (e.g. ρ fl , η, S s ) and then varying poorly constrained parameters (i.e. D and T ) over a plausible range.
First, we compute the specific storage, S s for incompressible solids (in units of L −1 ) using published values (Franseen and Byrnes, 2012) of fluid compressibility, β fl = 1/K fl and bulk compressibility, β s = 1/K s , for the Arbuckle formation (Wang, 2000) :
where is formation porosity (Franseen and Byrnes, 2012) . The unit-less storage coefficient can then simply be calculated from
where b is the average thickness of the Arbuckle formation. The storativity and hence also the amplitude of the pressure response depend strongly on the reservoir thickness, with thinner aquifers resulting in higher pressures if injection rate and diffusivity are constant.
Second, we vary hydraulic diffusivity within a range of values constrained by observed seismicity migration patterns (see Section 4.1 for details). Using the introduced hydraulic parameters, we can compute the reservoir permeability (units of L 2 ) using the following equation (e.g. Wang, 2000) :
where η and ρ fl again are fluid viscosity and density. Permeability is used in the following for the poroelastic stress computations. The semi-analytical models for pressure change as a function of space, time and injection history have the advantage that they are generally applicable and provide rough pressure estimates over large areas and times without the need to construct separate numerical models for each well, reservoir or induced seismicity sequence. However, these crude models do not allow for a more detailed assessment of geological heterogeneity and complex reservoir structures. Thus, the solutions could be considered as longterm, large-scale average, which are not meant to capture detailed pressure migration patterns.
As a counterpoint to the homogeneous, poroelastic models, we also explore a numerical model of pore pressure diffusion that includes diffusion into permeable faults that extend into the crystalline basement. The latter is a particularly important case to consider as injection-induced seismicity is commonly attributed to flow in such channels without consideration of the solid elastic stresses. The numerical model of the fluid pressure diffusion in a porous medium is implemented in MODFLOW (see Section S4.3). The model geometry is shown in Supplemental Fig. S13 and S14.
Poroelastic stresses
We compute displacements and stresses for injection in a 3D isotropic and 2D axisymmetric geometry. The poroelastic stresses for a line source in plane strain can be computed using the following equation (Rudnicki, 1986; Helm, 1994; Wang, 2000) :
where m and n denote the directional indices in 2D, b is reservoir thickness, λ is the Lame parameter, δ is the Dirac delta function, G is rigidity and α is Biot's coefficient. Poroelastic stress changes for point-source injection in a 3D isotropic reservoir are given by (Rudnicki, 1986) :
here i and j denote the directional indices in 3D, λ u is the Lame parameter for the undrained case and g(ξ ) = erf(
Because of the general symmetry of the injection case, we compute stress perturbations in the radial and tangential direction. The radial stresses are predominantly compressive at sufficiently large distances from the injection well due to larger displacements of points closer to injection wells compared to more distant points (Helm, 1994; Wang, 2000) . The dilatational, tangential stresses are of similar magnitude as radial stresses for the here explored diffusivity values and distances from the injection. It should be noted that the analytical poroelastic calculations in plane-strain (Equ. (9)) represent an upper limit for elastic stresses in axisymmetric reservoirs (Hsieh and Cooley, 1995) . The analytical solutions may over predict horizontal reservoir motions especially during shallow fluid withdrawal, which is less problematic in the current case of deep injection activity.
Results
In the following, we compare direct pressure effects, poroelastic stress perturbations and their contribution to earthquake triggering. First, we determine a plausible range of hydraulic diffusivity values based on seismicity migration patterns. Second, we compute induced pressure variations taking advantage of the available long injection history for each well. Pressure changes are computed as a function of distance and time, both throughout the study area and for specific points on the Woodward and Fairview faults using semi-analytical and numerical models. We then compare the amplitude of pressure perturbations with poroelastic stresses and evaluate if the Woodward and Fairview faults were moved closer to failure by computing Coulomb-stress-changes on these faults. Finally, we analyze variations in Gutenberg-Richter b-values and seismicity characteristics and discuss consequences for seismic hazard assessment.
Seismicity migration
A key variable for the analysis of induced pressure changes is hydraulic diffusivity, D, which influences both the amplitude and extent of pressure perturbations. Diffusivity values are generally difficult to determine at large depth and distances but can be inferred from seismicity migration patterns under certain assumptions. These assumptions include, for example, that already tiny fractions of the initial pressure perturbation at the wellbore are sufficient to trigger earthquakes on critically-stressed faults (Shapiro et al., 1997) . Moreover, the density of critically-stressed faults has to be high enough to track the migrating pressure front.
For this work, we want to evaluate the efficacy of pore pressure diffusion at a distant site. Therefore using the seismicity itself to infer diffusivity might be problematic. However, there is no direct measurement of the hydraulic diffusivity across the area of interest. Natural hydraulic diffusivity can range orders of magnitude. In situ hydrogeological tests of fault zone values results in values of ∼10 −2 m 2 /s (Xue et al., 2013) . Seismicity migration often results in values ∼1 m 2 /s, which are defended on the basis of potential scale effects (Shapiro et al., 1997) . Since our primary goal is to compare the elastic stresses generated in the solid matrix to the pore pressure, we need to select the largest plausible values of diffusivity to ensure significant pore pressure perturbations at distant sites. Since the seismicity migration approach results in the largest known values of diffusivity, we will follow it for this study. We fully acknowledge that these diffusivities are likely overestimates by orders of magnitude and will return to this issue in the discussion.
Following this strategy to produce the highest range of diffusivities plausible, we select a reference pressure to approximately match results from Shapiro et al. 1997 (Fig. S2) . We therefore use a reference pressure perturbation of 0.5% of the starting pressure at 100 m distance and 1 month after injection to identify a forcing that should correspond to a consistent, observable seismicity rate change. In addition to the reference pressure, the assumed reservoir geometry can also strongly affect pressure front migration. Based on the observed seismicity migration patterns, we resolve a range of diffusivity values between D = 0.1-2 m 2 /s (Fig. 3) . At the scale of the entire study region, seismicity migrated systematically away from the initiation point at −98.5 • W and 36.5 • N with a preferred southwest direction at a rate that can approximately be explained by values of D = 1-2 m 2 /s (Fig. 3) . Several earthquakes occurred ahead of this theoretical diffusion front, most notably the Woodward earthquakes. These earthquakes started at ∼60 km distance from the seismicity initiation-point and migrated in opposite direction of the general trend, i.e. toward the injection wells. At the scale of a single fault such as the Woodward fault, seismicity migrated at a slower rate that matches diffusivity values between 0.1 and 0.3 m 2 /s (see Fig. S3 ).
Analyses of seismicity migration and distant induced earthquakes can be biased by aftershock clustering, since induced seismicity exhibits clustering characteristics similar to tectonic earthquakes (Llenos and Michael, 2013) . Such temporal clustering can be explained by the interaction between anthropogenic forcing and the preexisting, tectonic stresses. As a consequence, an increase in induced seismicity rates is commonly convolved with aftershock clustering, which obscures migration patterns. We test the influence of clustering on the migration analysis and D using two different declustering methods (see suppl. Section S1). The declustered seismicity catalogs constrain a similar range of diffusivity values between D = 0.1-2 m 2 /s and rule out that distant earthquakes are aftershocks of near-injection seismicity. (Note that both clustered and declustered catalogs are plotted in Fig. 3 as transparent and solid markers, respectively.)
Pore-pressure changes along the Woodward and Fairview clusters
Using the semi-analytical model for diffusion in a homogeneous axisymmetric reservoir, we compute pressure changes throughout the study area prior to the Woodward and Fairview earthquake sequences (Fig. 4) . The resulting pressure maps clearly highlight that the main contribution to pressure changes emanate from high-rate Arbuckle injectors, located toward the northeast of the study re- (Fig. S4-S7 ). This region also produced much of the seismicity between 2014 and 2016. Nonetheless, there are several clusters outside the high-pressure region, most notably the Woodward and Fairview clusters.
In addition to the semi-analytical models, we explore the role of crustal heterogeneity using numerical diffusion models. We specifically investigate the role of high-permeability faults within the crystalline basement which may act as pressure channels over large distances (e.g. Hsieh and Bredehoeft, 1981; Goebel et al., 2016) . In the absence of such faults pressure diffusion is controlled by the Arbuckle diffusivity.
The numerical models focus on plausible end-member cases which lead to large pressure changes along the Woodward and Fairview faults. In addition to high fault diffusivity, we explore the effect of faults extending all the way to the zone of high-rate injectors (Fig. 5) . The presence of these extended, 300 m-wide faults significant elevates pore-pressures underneath the zone of highrate injectors to a depth of 10 km or more. However, pressures at the distances of the Fairview and Woodward earthquakes are reduced relative to models without the laterally extended faults, occupying values between ∼0.01-0.02 MPa at a depth of 3 km (Fig. 5B) . This relative decrease is due to volume added to the reservoir by the high-diffusivity fault zone which effectively increases reservoir storativity. The pressure change along the Woodward fault is slightly higher than along the Fairview fault because of one well at ∼8 km distance which is discussed in the following paragraph. Based on these results, we conclude that basement faults can be effective in increasing pore pressures immediately beneath the high-rate injectors but not at large distances. The total range of expected pressure changes at the distance of the Fairview and Woodward seismicity based on the suite of numerical models is between 0.003-0.1 MPa (see Section S4.3).
To assess pore pressure changes along the Woodward and Fairview fault in more detail, we select one individual point on each fault (i.e. the starting point of each sequence) and compute pressure change over time. The corresponding temporal changes on the Fairview fault are dominated by a significant increase after 2013 due to the increase in injection rates starting about one year earlier (Fig. 6A ). As expected, smaller diffusivity values result in smaller pressure changes at a given distance, whereas high diffusivity above 0.5 m 2 /s results in a pressure increase by a factor of 3 to 6. This pressure increase with diffusivity confirms our earlier assertion that limiting the investigation to the highest plausible diffusivities was the correct approach. The highest plausible diffusivities here are giving a maximum bound on the inferred pore pressure, which can now be compared to the elastic stresses in the solid matrix. The median pressure change across all hypocenter locations reached values between 0.01 and 0.06 MPa (Fig. 6A inset and S8-S9, S11-S12). The induced pressure changes along the Woodward fault are significantly smaller because of the even larger distance to highrate injectors (Fig. 6B) . In contrast to Fairview, pressure changes are higher for lower diffusivity because of a nearby well that only contributes significantly if low diffusivity keeps the local pressures elevated for a longer period. This well (referred to as Ww 07 in the following) is located within 8 km of the fault at −99.0 • W, 36.4 • N and exhibited peak injection-rates of ∼35,000 m 3 /mo in 2007, which decreased systematically to less than ∼10,000 m 3 /mo in 2013 (see Fig. S10 ). As in Fairview, the far-field effects contribute increasingly to the pressure for the larger diffusivities. Since all diffusivities result in comparably low pore pressures (between 0.01 to 0.04 MPa), the pressure dependence on diffusivity is not essential and the earlier strategy of concentrating on high diffusivities for distant effects still appears to be worthwhile.
Poroelastic stresses changes
To compare pore pressures and poroelastic stresses, we present solutions from the coupled 2D axisymmetric model which best represents lateral diffusion in the 500 m thick injection zone. Solutions for the 3D poroelastic isotropic model are presented for completeness in the online supplement but are likely only applicable for seismicity close to wells and early injection periods (Fig. S15) .
The Fairview sequence was preceded by a significant increase in radial, poroelastic stresses, σ rr , starting in mid 2012 (Fig. 6C ).
These stresses kept increasing over the duration of the seismicity, reaching peak values of ∼0.1 to 0.6 MPa for the examined values of D = 0.1-2 m 2 /s. The median elastic stress change across all hypocenter locations was 0.12-0.35 MPa. Similar to Fairview, the Woodward area experienced a systematic increase in poroelastic stresses after 2012 (Fig. 6D) . Peak poroelastic stresses were as high as 0.15 MPa in 2016 and the median stress change across all hypocenter locations was ∼0.1 MPa.
The largest compressive poroelastic stresses are observed just ahead of the strongest pressure gradients but do not exceed peak pressures (Fig. 7) . Poroelastic stresses become dominant at larger distances and decay approximately as 1/r 2 in the far-field. The transition between near and far-field response occurs at distances between ∼15 to ∼25 km depending on assumed geometry (2D vs. 3D) and diffusivity (see Section S5, Fig. S15-S17 ). The poroelastic stress field closer to the injection wells (i.e. r 15 km) is complex because of contributions from wells at different azimuths and distances. For an easier comparison between pressures and stresses, we only present the radially-averaged poroelastic stress field in Fig. 7 which would otherwise be much rougher in the nearfield. Both the Woodward and Fairview clusters are located in the far-field where poroelastic stresses are expected to exceed direct pore-pressure effects.
To understand the seismogenic impact of poroelastic effects, we compute the resulting Coulomb-stress-changes on the Wood- ward and Fairview faults. Ideally this computation would be based on measured bottom-hole stress magnitudes and directions. However, in the absence of such data, we determine a reference stress state, assuming a critical, Andersonian stress state at injection depth and coefficient of friction of μ = 0.75 (e.g. Sibson, 1985) .
In addition, the reference stress state assumes a strike-slip faulting regime based on available focal mechanism data. The largest compressive stress direction determined from borehole breakouts is N92 • E ± 15 (Dart, 1987; Heidbach et al., 2008) and ∼N83 • E (Alt and Zoback, 2014) based on focal mechanism inversions. It should be noted that both principle stress orientation and coefficient of friction have large uncertainties. This uncertainty has to be considered when interpreting the following results (see online suppl. Section S6, Fig. S18 -S20 for details). The change in differential and Coulomb stress due to poroelastic effects is a function of well-fault azimuths and fault strike.
For azimuths close to σ 1 , differential stress changes are high because of the combined effects of radial and tangential poroelastic stresses which increase σ 1 and decrease σ 3 (Fig. 8) . Faults at azimuths closer to the σ 3 direction experience a decrease in differential stress. Both the Fairview and Woodward faults are located at azimuths that experience an increase in differential stresses. In addition to changes in differential stress, we resolve Coulombstress-changes for specific fault strike directions. Coulomb-stresschanges connected to pressure effects are independent of fault strike (and well-fault azimuths) whereas Coulomb-stress-changes connected to poroelastic effects are largest for slip-optimal oriented faults (Fig. 8) . To compare pore pressure and poroelastic contributions, we use the highest average resolved pressure perturbations (i.e. P p = 0.04 MPa for Woodward and P p = 0.08 MPa for Fairview). For both the Fairview and Woodward fault, Coulombstress-changes from poroelastic stresses exceed pressure effects and move the faults closer to failure. This inference is true for pressure from the closest well (Ww 07 ) and the full field as all wells are included in the full pressure modeling. To determine the maximum expected normal stress reduction along a fault, we assumed a fully-couple medium (i.e. α = 1) for the Coulomb-stress-change computations due to direct pressure effects. For smaller values of α, consistent with the coupled poroelastic solutions, pressure changes would be even less effective in reducing normal stresses.
As is common, the determined Coulomb-stress-changes are relatively small compared to the expected absolute stress magnitudes (Table 1) . Moreover, the ∼20 • difference in strike angle between Woodward and Fairview implies that both faults cannot be critically stressed within the same stress field if they also exhibit the same coefficient of friction. A plausible solution to this issue is that the stress field is not homogeneous throughout the study area but includes local rotations and heterogeneity at scales below the available stress measurements. In addition, we test the sensitivity of reference and perturbed stress fields to assumed coefficient of friction (see Section S6). Our results reveal, that the small angle between Woodward fault-strike and the σ 1 direction favors a higher coefficient of friction of μ ∼ 1, whereas the larger angle between Fairview fault and σ 1 may imply a coefficient of friction of μ ∼ 0.2. Allowing for this difference in μ, both faults may have been sufficiently close to failure to experience slip induced by poroelastic stress changes.
Seismicity characteristics and deviation from stationarity
To characterize potential differences in seismicity characteristics between Fairview and Woodward, we determine temporal variations in Gutenberg-Richter b-values over the duration of the induced sequences. To ensure the same statistical significance of each data point, we use a sliding time window with constant sample size of 400 events. As a consequence, the spacing between b-value estimates in Fig. 9 corresponds to the overall amount of seismic activity with more closely spaced data points indicating periods of high seismic activity. We compute b-values by using a maximum-likelihood method (Aki, 1965) .
Temporal b-value variations follow two main trends ( Fig. 9 ): At the beginning of the induced earthquakes along the Woodward fault, b-values start to increase due to a higher proportion of small magnitude events. The second trend is a significant drop in b-values a few months after the beginning of the Fairview sequence. This decrease in b-value is especially interesting because of its long duration leading up to the Mw5.1 event on the Fairview fault. Both the initial rise in b-values from 1.1 to 1.3 and the subsequent drop from 1.3 to 0.9 are statistically significant at 95% level using a significance-test suggested by Utsu (1999) . Nevertheless, it should be noted that b-value estimates are also sensitive to variations in magnitude of completeness especially after large earthquakes and during periods of high seismicity rates as observed here. To minimize these effects, we determined the magnitudes of completeness by minimizing the misfit between observed and modeled power-law distributions within time windows of 300 events, ensuring the same statistical significance of each b-value (Clauset et al., 2009) .
Non-stationary seismicity indicates that external forces beyond long-term tectonic driving stresses are active, a potentially characteristic feature of induced seismicity (e.g. Llenos and Michael, 2013; Skoumal et al., 2015; Huang and Beroza, 2015; Goebel, 2015; Goebel et al., 2016) . The systematic b-value decrease before the Fairview Mw5.1 event marks a rare observation of a pronounced preparatory process before a noticeable earthquake. Similarly, b-values tend to vary systematically as a result of stress increase and strain localization in laboratory stick-slip experiments and nature (Wiemer and Wyss, 1997; Schorlemmer et al., 2005; Goebel et al., 2013) . Moreover, progressing spatial-localization of pressure and stress perturbations may result in decreasing b-values during fluid injection operations (Downie et al., 2010) .
Discussion
What are the mechanisms for inducing earthquakes at large distances?
While many observations support an anthropogenic component to the seismicity within the study area, the distance between the major injection wells and the Fairview and Woodward clusters are unexpectedly large, reaching values of more than 40 km. Moreover, many of the earthquakes are located significantly beneath the injection zone with depths of 10 km or more. If injection-induced earthquakes are attributed solely to direct pressure changes, a network of faults hydraulically-connected to the injectors would be required.
We explored both pore pressure and poroelastic stress changes, the two most commonly cited mechanisms for anthropogenic earthquake triggering (Healy et al., 1968; Raleigh et al., 1976; Segall, 1989; Segall et al., 1994) , while largely removing the effects of inter-earthquake triggering by declustering. Our analysis revealed that both mechanisms were likely active but since pore pressures decay more rapidly with distance than poroelastic stresses, not all earthquakes were triggered by direct pressure effects.
We compare two plausible mechanisms for inducing the Woodward and Fairview seismicity: 1) Localized pressure diffusion within fault damage or fracture zones with permeability that substantially exceeds the surrounding rock permeability. Such narrow high-permeability zones may transmit pressure more readily to seismogenic depth. 2) Poroelastic effects that change fault stresses at distances beyond the targeted reservoir. Our results showed that poroelastic stresses exceed direct pressure effects along the Woodward fault (see Table 1 ). For the Fairview sequence the uncertainties in stress field and hydrological parameters complicate a clear assessment of dominant earthquake triggering mechanism and we expect both elastic stresses and direct pressure effects to contribute to seismicity.
Elastic stresses in the solid have historically been neglected, in part because of their smaller magnitudes and relatively rapid decay around a point-source in 3-D. However, the situation changes dramatically for a large field of injectors in a vertically confined reservoir with coherent pressure changes. In the present case the high pressure region is about ∼15 km wide. This produces an elastic perturbation that decays over a scale comparable to the source. Therefore, it is not surprising that the elastic stresses are significant at 30-50 km distance.
To make this scaling more concrete, we consider a simplified, decoupled model of elastic stresses in the far-field and compare them to the full poroelastic solutions reported above. The simplified model only considers fluid pressures which are acting in the injection field which is represented as a pressurized, cylindrical zone. We then separately calculate the elastic stresses that are imposed outside of this pressurized zone. The resulting radial elastic stress is (Wang, 2000) :
where σ rr is the stress in the radial direction (= −σ θθ ), P a is the pressure acting at the cylinder wall, a is the effective radius of the pressurized region and r is the distance from the center of the cylinder. For specificity, we take the distance of a P a = 1 MPa contour as effective distance corresponding to ∼15 km. Based on these values, we expect a decrease in elastic stresses with distance from the pressurized region by a factor of ∼0.1 for Woodward (r ∼ 50 km) and ∼0.3 for Fairview (r ∼ 33 km). These values are indeed comparable to the fully coupled solutions in Section 4.3. Thus, a key contribution to distant earthquake triggering is the high density of injection wells, resulting in a large pressurized region and comparably far-reaching poroelastic stresses. The implication is that spatially extensive injection fields can produce earthquakes at much larger distances than anticipated from single, high-volume wells.
A second implication of the field-scale stresses is that attribution of the earthquakes to specific wells are not appropriate. Rather, the whole cluster of injectors determines the magnitude and extent of the seismicity.
A third implication of the field-scale activity, is that the determined pressure changes within 1 to 15 km of the high-rate injection wells are significantly higher than in many previous studies (e.g. Keranen et al., 2014; Goebel et al., 2016) . This is a reasonably obvious result of the high density and number of injection wells.
The expected Coulomb-stress-changes along the Woodward fault of ∼0.1 MPa are within the range of static stress triggering (King et al., 1994) and exceed tidal and dynamic triggering stresses by 1-2 orders of magnitude (Cochran et al., 2004;  Van Der Elst and Brodsky, 2010). The combined observations of higher Coulomb-stress-changes and b-values as well as smaller maximum magnitude and slow seismicity migration along the Woodward fault may imply that this fault was not critically stresses but reactivated because of the higher stress perturbation.
When are poroelastic stresses expected to be dominant?
At distances beyond the targeted reservoir, seismicity should mostly be induced by elastic stress changes if the diffusive time scale for that distance is larger than the time between start of injection and earthquake occurrence. Poroelastic stress may result in more immediate earthquake triggering after injection rate changes without the characteristic time-lag of diffusive processes. Moreover, activation of distant, spatially detached faults like the Woodward fault can be indication of poroelastic triggering.
The effect of poroelastic stresses is also a function of lithology and the ratio of bulk modulus and unjacketed bulk modulus, expressed by Biot's coefficient, α (Rice and Cleary, 1976; Wang, 2000) . For soft rock (as in the current case) the difference between the moduli is larger resulting in larger α-values and poroelastic effects than for hard rock (Shapiro, 2015) . Hard rock is characterized by small α and poroelastic effects, which describes, for example, injection into the crystalline basement and geothermal reservoirs.
As discussed above, the larger the spatial extent of a field with a coherent pressure change, the more likely that elastic stresses will dominate to great distances. For earthquakes, static stress changes are expected to be significant to distances of a few source lengths. The same guideline applies to the finite source effects of injection and production fields.
A schematic model for inducing distant earthquakes
We suggest an extension to the 'classic view' on induced seismicity, which focuses on far-field and depth effects. This extension encompasses three scenarios for earthquake triggering beyond near-injection pressure effects (Fig. 10): 1. For wastewater disposal operations, vertically confined and laterally extensive, high-permeability injection zones encourage induced pressure changes over many kilometers (e.g. Keranen et al., 2014) . Earthquakes occur when these pressures encounter faults close to failure. 2. In addition to lateral diffusion, vertical diffusion along fault damage zones may reduce effective stresses at greater depth and trigger earthquakes along hydraulically connected faults (Horton, 2012; Goebel et al., 2016) . 3. Poroelastic stresses may trigger earthquakes at large distances on faults that are not necessarily hydraulically connected with the injection zone. Stress changes may exceed pressure perturbations depending on local geologic setting and boundary conditions such as a possible transition from drained to undrained behavior. Such a transition can further intensify poroelastic stress perturbations. Poroelastic effects complicate an estimate of hydraulic diffusivity based on seismicity migration patterns alone.
The present day view on induced seismicity in Fig. 10 includes several end-member cases such as large-scale horizontal and vertical hydraulic connectivity within the injection zone and along active faults. Moreover, different scenarios are depicted that may explain seismic activity several kilometer beneath the injection zone. Such mechanism include vertical pressure diffusion along high-permeability damage zones (e.g. Horton, 2012; Goebel et al., 2016) ; stress transfer by aseismic and seismic slip processes (Cornet et al., 1997; Guglielmi et al., 2015) and poroelastic stress transfer (Segall, 1989; Segall and Lu, 2015) . The importance of pressure-stress coupling during induced seismicity rate changes has been emphasized previously (Segall and Lu, 2015) , but is now reinforced by the observations of distant induced earthquakes in northwestern Oklahoma.
Implications for seismic hazard assessment
For the seismicity studied here, poroelastic stress changes provide a key contribution to distant earthquake triggering. Distant poroelastic triggering implies that the maximum magnitude (M max ) of induced sequences is not solely controlled by the reservoir size and total injected volume (V tot ) (Shapiro et al., 2013; McGarr, 2014) , but also by the size and stress state of tectonicallyloaded faults. This view is in agreement with a recent finding that M max of induced earthquakes is not statistically different from expected values based on Gutenberg-Richter scaling (Van Der Elst et al., 2016) . If induced and tectonic earthquakes follow the same statistical trend, there is a very small but non-zero probability of triggering a noticeable earthquake even if injection rates are small. In addition, the present results indicate that induced seismicity is connected to field-scale stress changes rather than single well injection activity so that the whole cluster of injectors determines the magnitude and extent of seismic activity.
Conclusion
We analyzed emerging seismic activity in northeast Oklahoma in an area with many high-rate disposal wells, injecting into the Arbuckle formation. Based on significantly increasing background rates and strong spatial-temporal correlations, we conclude that the earthquakes are likely injection-induced.
While much seismicity occurred in a region with many highrate disposal wells and high pressure perturbation, we identified two detached earthquake clusters at distances of 10 to 60 km from the major injection wells where pressure changes were exceedingly small. Poroelastic modeling suggests that elastic stress changes surpass pressure perturbations at these distances, reaching values between ∼0.1 and ∼0.4 MPa. The corresponding Coulombstress-changes were between 0.08 and 0.1 MPa, comparable to static triggering stresses.
Based on these observations, we suggest that elastic stress variations in the solid can lead to earthquake activity in addition to the already widely acknowledged effect of pore pressure increase. In the present case, poroelastic stresses exceed pressure perturbations at distances beyond ∼15 km.
Poroelastic stresses remain higher at large distances if injection wells are closely spaced together resulting in a spatially expansive pressurized region. For such a scenario poroelastic stress decay can be approximated by P · a 2 /r 2 , where a is the size of the pressurized region and r is the distance between injection well and earthquakes. Poroelastic stresses are transmitted more rapidly than pressures potentially implying a more direct correlation with injecting rate changes. Moreover, poroelastic stresses can trigger earthquakes significantly ahead of the pressure diffusion front thereby complicating direct estimates of hydraulic diffusivity based on seismicity migration alone. The suggested extensions to classic injection-induced triggering mechanisms have significant implications for seismic hazard assessment. The zone of influence of injection activity, for example, may be larger than commonly assumed. The size of earthquakes, triggered by poroelastic stresses several 10s of kilometers from the injection site, may be influenced strongly by the tectonic system.
